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Introduction
Hem ocyanins (Hcs) are copper-containing diox ygen-transporting proteins freely dissolved in the hem olym ph of m ollusca and arth ro p o d a. T hese gi ant biopolym ers are the m ost com plex and sophis ticated respiratory proteins, com parable in size to ribosom es or small viruses (S tern er and D ecker, 1994) . Hcs bind dioxygen reversibly at a binuclear active site and ensure its circulatory tra n sp o rt to the tissues. In the hem olym ph, H cs exist as aggre gates of subunits (polypeptide chains). A lth o u g h sim ilar in function, arth ro p o d an and m olluscan r e spiratory proteins differ in th e organization and size of the subunits. A rth ro p o d a n Hcs are com posed of six or m ultiples of six subunits w ith a m olecular mass of the individual polypeptide chain in the region of 6 7 -9 0 k D a (H erskovits, 1988) . E ach structural/functional subunit contains a single binuclear copper-containing dioxygenbinding site. M olluscan Hcs form cylindrical m ono-(cephalopods) or didecam eric (gastropods) structures. The wall of the decam er is m ade up of 60 globular functional units (FU s) and an internal "collar" containing 10 o r 20 functional units (Lieb et al., 2000) . The subunits are com posed of 7 (cephalopods) or 8 (som e cephalopods and gastro pods) 50 kD a FUs. E ach F U contains a single active site (van H olde et al., 1992) . D uring the last decade som e H cs w ere used for m edical purposes. Thus, the H e from the gastropod Megathura crenulata is w idely used in laboratories and clinics as an im m une stim ulant (Jennem ann et al., 1994) , in the im m u notherapy of cancer (L am m et al., 1993) as well as for the p rep aratio n of vaccines (W ang et al., 2000) .
T he com plete am ino acid sequences of two m ol luscan H e structural subunits, those from the cephalopod O ctopus dofleini (M iller et al., 1998) and g astropod Haliotis tuberculata (Lieb et al., 2000) , as well as the com plete m olecular structure of the arth ro p o d H e from Euripelma californicum (Voit et al., 2000) have been determ ined. The first crystallographic structure of a F U from m olluscan H e has recently been re p o rted The copper-dioxygen system at the H e active site generates C D spectra in the visible region and n e a r ultraviolet (E llerto n et al., 1983) . In this p a p e r we describe studies perfo rm ed w ith th e aim of characterizing th e binuclear active site o f the Viviparus ater (gastropod, m ollusc) H e and its sig nificance for the p ro tein therm ostability.
Materials and Methods

Materials
V iviparus ater hem ocyanin was a generous gift from Professor B. Salvato (U niversity of Padova, Italy). The p ro tein in oxy-form was purified by the m eth o d described in (Ricchelli et al., 1984) . A po-H c (hem ocyanin in which the copper-dioxygen system is rem oved) was obtain ed by dialysis against 25 m M K CN (Salvato et al., 1974) . A ll chem icals and reagents w ere of analytical grade.
A m in o acid analysis
The copper ions w ere com pletely rem oved from the p ro tein sam ples by p recipitation of the ap o p ro tein w ith trichloroacetic acid and washing the pellet w ith several portions of 0.1 m HC1. A m ino acid com position of th e Viviparus ater H e was d e term in ed after hydrolysis in 5.7 m HC1 in evacu ated sealed tubes for 24, 48 and 72 h at 110 °C. For try p to p h an determ in atio n the sam ples w ere hy drolyzed in th e presence of 5% thioglycolic acid. A n E p p e n d o rf m odel LC 3000 autom atic am ino acid analyzer was used. The values are expressed as nu m b er of am ino acid residues p e r functional unit of 50 kD a.
Spectroscopic measurements
C ircular dichroism spectra w ere reco rd ed and th e th erm al d en atu ratio n of the oxy-and apo-H c follow ed using a Jasco J-720 dichrograph, e q u ipped w ith a personal com puter IBM PC-AT, PS/ 2, m ultiscan m onitor CMS-3436 and a H ew lett-P ackard colour graphics p lo tter m odel H P 7475 A. A D O S softw are was used for calculations with the C D data. P rotein solutions in 50 m M Tris-(hydroxym ethyl)-am inom ethan hydrochloride buffer, p H 7.0, containing 5 m M C aC l2, w ere placed in a cell holder which was therm ostatically controlled using a N E SL A B th erm o stat m odel RTE-110, connected w ith a digital program m ing controller. The sam ples w ere kept for 10 min at the desired te m p eratu re to ensure the attainm ent of therm al equilibrium , which was confirm ed by the con stancy of the ellipticity. E ach spectrum presented is an average of three m easurem ents. The CD data are expressed in term s of [0], i. e. the m ean residue m olar ellipticity. The p ro tein concentration was d eterm ined using e28o = 7.14 x 104 m_1 cm -1 per functional unit. Table I Far U V CD spectra of oxy -Viviparus ater H e at different tem p eratu res are shown in Fig. 1 . The spectra are dom inated by negative bands at 2 2 0 -222 nm and a shoulder at 210 nm, connected m ainly w ith the a-helix structure. Similar spectra (Fig. 2) . The spectrum in the near U V region is due to contributions of arom atic residues. The 254 nm b an d m ay be due to tyrosine transitions (Tam burro et al., 1976) . T he presence of this band in the spectrum of apo-H c suggests th at the transition does n ot arise from a ch ro m o phore associated w ith th e active site. The b and at 294 nm is m ainly from co n tributions of tryptophyl residues.
Results and Discussion
The 3 0 0 -800 nm region in th e spectrum of oxy-V. ater H e is characterized by 4 m ain transitions. The bands in this region are characteristic of the active site copper-dioxygen system and d isap p ear on destruction of th e active site (Figs. 2 and 3) . This is dem onstrated by the CD spectra of the apo-H c shown in th e sam e figures. The C D spectrum in the 2 5 0 -5 0 0 nm range, re p o rte d in T he CD bands in the spectra of Hcs above 300 nm should be a ttrib u ted to the bicupric-peroxo system at the active site (E llerton et al., 1983).
Oxy-Viviparus ater H e exhibits n ea r U V and vis ible C D spectra (Figs. 2 and 3 In the visible CD spectrum of oxy-K ater H e a sm all positive dichroism is observed in the 4 5 0 -520 nm region (Fig. 3) . Also, negative dichroism is observed b etw een 520 and 720 nm with a shoulder at 610 nm and a strong negative peak at 658 nm (Fig. 3) . T he C D spectra of o th er m olluscan Hcs in this spectral region, rep o rted in the literature so far, do n o t exhibit a strong negative band at (Figs. 2  and 3 ). D ifferences in position and surrounding of side chains n ear to this site and any changes in the charge distribution at the active site can create changes in optical activity caused by th e copperdioxygen system.
In o rd e r to investigate the therm ostability of V. ater H e and the significance of the copper-dioxygen system at the active site for th e stability, we follow ed changes in the ellipticity of hem ocyanin sam ples at tem p eratu res up to 85 °C (Fig. 1) . A decrease of the negative ellipticity was observed at te m p eratu res higher th an 60 °C for the oxy-Hc and 40 °C for the apo-H c. Single w avelength m elt ing curves (SW M Cs), m easured by CD, are shown in Fig. 4 . We have follow ed only the forw ard reac tion because th e therm al d en atu ratio n of both, oxy-and apo-form , was irreversible. The irrevers ibility of the H e den atu ratio n is probably con n ected w ith an aggregation of the giant biom olec ules (G uzm an-C asado et al., 1990). "M elting" tem peratures, Tm, of 77 °C for th e oxy-H c and 57 °C for the apo-protein w ere calculated from the m idpoints of SW M Cs (Fig. 4) . This result d em o n strates the considerable role of th e binuclear active site for th e therm ostability of hem ocyanin m olecule. The rem oval of the copper-dioxygen sys tem from the active site led to a decrease of the "m elting" tem p eratu re by 20 °C. C om parison with the therm ostability of o th er m olluscan Hcs, for
